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OF AIRFOIL T E I I m S S  ON TRANSONIC 
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and H o m e r  G. Morgan 

Rainey, 

A n  experimental i nves t iga t ion  was made of t h e  aerodynamic e f f e c t s  
of a i r f o i l  th ickness  on t h e  t ransonic  f l u t t e r  c h a r a c t e r i s t i c s  of two 
ty-pes of wings. The f irst  type o f  wing had a rec tangular ,  mswept p l an  
f o m  with c i r cu la r - a rc  a i r f o i l  sect ions.  The second type of wing had 
a swept, t apered  p lan  form wi th  NACA 65A-series a i r f o i l  sec t ions .  
each type  of wing, d i f f e r e n t  models h a v i n g  similar m a s s  and s t i f f n e s s  
p r o p e r t i e s  were t e s t e d  a t  Mack ambers  from about 0.70 t o  1.10. Within 
tLe range covered, it w a s  found tha t  an increase  i n  a i r f o i l  th ickness  
ra8-i  a s t a b i l l z i n g  e f f e c t  i n  t h a t  higher f l u i d  dens i ty  w a s  r equ i r ed  t o  
pro&ace f l u t t e r  a t  a given Mach number. 

For 

I 

&die 

Altkougr, present-day a i r c r a f t  are being designed t o  opera te  a t  high 
s1Apersonic speeds and t h e  ae roe la s t i c i an  has begun t o  devote much of h i s  
a t t e n t i o n  t o  f l u t t e r  a t  t hese  and higher Mach numbers, fmdamental  knowl- 
edge of t h e  f a c t o r s  which a f f e c t  t ransonic  f l u t t e r  c h a r a c t e r i s t i c s  has  
a l s o  become of increas ing  importance s ince  t r a v e r s a l  of t h i s  range i s  
necessary i n  reaching t h e  higher speeds. It has gene ra l ly  been assumed 
tr,at a t  t ransonic  speeds, aerodynamic e f f e c t s  of such p r o p e r t i e s  as a i r -  
f o i l  shape, a i r f o i l  tn ickness ,  Reynclds number, and so f o r t h  on f l u t t e r  
c h a r a c t e r i s t i c s  a r e  s m a l l ,  bu t  t h i s  assumption has con t inua l ly  been of 
concern. Since t h e r e  e x i s t s  no conpiete a n a l y t i c a l  method by which t h e  
e f f e c t s  of tr,e foregoing p a m e t e r s  liay be predic ted ,  t h e  a i r c r a f t  
des igner  ;;.,st of necess i ty  look t o  experimental r e s c l t s  f o r  information 
c n  t kese  e f f e c t s .  I n  trAs inves t iga t ion  one of t h e s e  f a c t o r s ,  nanely, 

* T i t l e ,  Unclassif ied.  
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t h e  aerociynaolic e f f e c t s  of a i r f o i l  thickness  on t r anson ic  f l u t t e r  c r a r -  
a c t e r i s t i c s ,  i s  considered. For kigk subsonic speeds sone information 
i s  a v a i l a b l e  on t h e  o s c i l l a t o r y  l i f t  ard mcxent d e r i v a t i v e s  as a funct ion 
o f  a i r f o i l  thickness  ( re f .  l), and sone low-speed wind-tunnel t es t  results 
are a v a i l a b l e  on t h e  e f f e c t s  of a i r f o i l  triickness on f l u t t e r  cha rac t e r i s -  
t i c s  ( r e f .  2 ) ,  b u t  t r anson ic  f l u t t e r  data on t h e  e f f e c t  of a i r f o i l t h i c k -  
nes s  are meager o r  nonexistent.  

C 

I n  the  present i n w s t i g a t i o n :  s tud ie s  were made of t h e  aerodynamic 
e f f e c t s  of a i r f o i l  thickness  on t h e  t ransonic  f l u t t e r  c h a r a c t e r i s t i c s  of 
two types of wings. The first type of wing i a d  a rectangular ,  unswept 
p l a n  f o r .  with c i r cu la r - a rc  a i r f o i l  sec t ions .  Tkis p lan  form w a s  chosen 
i n  orc?er t o  f a c i l i t a t e  comparisons of the  r e s u l t s  w i t h  theory.  F l u t t e r  
c a l c u l a t i o n s  were riade f o r  the unswept v ings  at sGbsonic, soi i ic ,  
szpersonic  speeds. Tke second thTe cf w k g  was a s o r e  G r a c t i c a l  configd- 
r a t i o n ,  r,aving &so of sweepbaclr, a t ape r  r a t i o  of 1/7, and NACA 65A- 
series a i r f o i l  s ec t ions .  For each type o f  wing, d i f f e r e n t  models having 
vario-Js t k i ckness  r a t i o s  bu t  with nearly t h e  same mass and s t i f f n e s s  
C h a r a c t e r i s t i c s  were t e s t e d  i n  t h e  Langley 2-foot t r anson ic  a e r o e l a s t i c i t y  
t u n n e l  i n  tr.e black number rar,ge from about 0.70 t o  1.10. 

SYMBOLS 

a speed of sound, f t / s e c  

b xodel semichord neasured p a r a l l e l  t o  r o o t  a t  three-quarter  
span s t a t i o n ,  f t  

E1 model bending s t i f f n e s s ,  lb-in.  

G J  node1 t o r s i o n  s t i f f n e s s ,  lb-in.  

2 

2 

g s t r u c t u r a l  damping coe f f i c i en t  

I, t o r s i o n a l  moment of i n e r t i a  p e r  u n i t  span, ft-lb-sec'/ft 

k f  reduced frequency, txof/V 

M Mach nunber 

m t o t a l  m a s s ,  slugs 

In 2 m a s s  pe r  u n i t  length,  s l u g s / f t  

Li 
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1 ,  
2 

dyn2xic p r e s s c e ,  - PV, l c / s q  f t  9 

R Reynolds nwzber based on model r e fe rence  chord 2b 

v stream ve ioc i ty ,  f t j s e c  

P mass-ratio parameter (see s e c t i o n  e n t i t l e d  "Results and 
Discussion" ) 

Ac /L angle of sweepback o f  quarter-chord l i n e ,  deg 

r n densi ty ,  slugs/cu f t  

w c ir  c - d a r  frequency, radians /sec 

S - h s c r i p t s :  

f values  a t  f l u t t e r  

h,  n bending node, n = 1, 2 

U t o r s i o n  mode 

APPARATUS AND PROCEDURE 

Wind Tunnel 

3 

T:.e i nves t iga t ion  w a s  ccnducte3. i n  t h e  Langley 2-foot t r anson ic  
a e r o e l a s t i c i t y  tunnel .  Ti i i s  tunnel i s  a s l o t t e d - t h r o a t  s ing le - r e tu rn  
wind t.irie1 equipped to use e i t h e r  a i r  o r  Freon-12 as t h e  tes t  medium 
a t  p re s su res  from 1 atmosphere down t o  about 1/25 atmosphere. 
e n t  t e s t s  were made wi th  Freon-12 as t h e  t es t  medium. The tunne l  i s  of 
t h e  continuous-operation type and i s  powered by a motor-driven fan .  Both 
t e s t - s e c t i o n  Mach number and densi ty  are continuously con t ro l l ab le .  

The p res -  

Models 

Two d i f f e r e n t  types of semispan, cantilever-mounted wing models 
were t e s t e d .  
unswept wing models with c i r cu la r - a rc  a i r f o i l  s ec t ions .  These nodels  
kad r a t i o s  of thickness  t o  chord equal t o  4, 6, 6, and 10 percent  and 
are referred t o  as t h e  unswept s e r i e s .  The second type w a s  composed of 
a s e r i e s  of fou r  tapered, sweptback-wing models with NACA t5A-series a i r -  
f o i l  s ec t ions  of 2-, 4-, 6-, and &percent thicknesses ,  and t h e s e  models 

The f i r s t  type consisted of a series of four r ec t angu la r ,  
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are r e f e r r e d  t o  as t h e  swept ser ies .  Also included i n  each ser ies  w a s  
a 0.065-inch-thick aluminum-alloy f l a t  p l a t e  having t h e  same plan form 
as t h e  models with varying thicknesses .  Both t h e  leading and t r a i l i n g  
edges of these f l a t  p l a t e s  were beveled. 
series,  including t h e  f l a t  p l a t e s ,  were equipped with two se t s  of 
res is tance-wire  strain-gage bridges arranged t o  be s e n s i t i v e  t o  bending 
and tors ion,  r e spec t ive ly .  
t i ,e r o o t ,  and t h e  type of clamping used was i d e n t i c a l  i n  a l l  cases .  
geometry of t h e  models of each series i s  presented i n  f i g u r e  1. Since 
it was necessary t o  have t h e  phys ica l  p r o p e r t i e s  o f  t h e  models of each 
series as s i m i l a r  as poss ib l e  and ye t  vary t h e  model thickness ,  t h e  models 
were constructed i n  such a way t h a t  t h e  s t i f f n e s s  and m a s s  were concen- 
t r a t e d  i n a  m e t a l  i n s e r t  which was then covered wi th  a l i g h t ,  f l e x i b l e  
mater ia l  which gave t h e  des i r ed  a i r f o i l  shape. 

A l l  of  t h e  models of both 

A l l  of t he  models were r i g i d l y  clamped a t  
The 

For the unswept-wing models a 0.065-inch-thick aluminum-alloy i n s e r t  
o f  the des i r ed  plan form was covered with a l ightweight  f l e x i b l e  p l a s t i c  
foam. The aluminum i n s e r t  determined t h e  bending and t o r s i o n a l  s t i f f -  
nesses,  e l a s t i c  a x i s  l oca t ion ,  m a s s ,  and m a s s  d i s t r i b u t i o n  of t h e  model. 
A 2-inch spanwise s e c t i o n  of  t h e  i n s e r t  was l e f t  uncovered a t  t h e  r o o t  
t o  provide space f o r  t h e  model t o  be a t t ached  t o  t h e  tunne l  i n  mounting 
blocks.  For  t h e  models of t h i s  series t h e  foam added comparatively l i t t l e  
m a s s  and s t i f f n e s s  t o  t h a t  of t h e  aluminum-alloy spar .  The p r o p e r t i e s  
of t h e  unswept models are  presented i n  t a b l e  I (a>  and f i g u r e s  2 and 3 .  
The bending r i g i d i t y  and t o r s i o n a l  r i g i d i t y  of t h e  models were determined 
experimentally from t h e  s t a t i c  d e f l e c t i o n  curves of t h e  wings i n  bending 
and to r s ion .  The s t r u c t u r a l  damping c o e f f i c i e n t s  f o r  each of t h e  models 
were obtained from decrements i n  s t i l l  a i r .  The node l i n e s  f o r  t h e  sec- b 

ond bending and f i rs t  t o r s i o n  modes were determined from time-exposure 
photographs of t h e  models o s c i l l a t i n g  i n  these  modes. 
t e s t s  the  models were segmented i n t o  10 spanwise sec t ions ,  and t h e  m a s s ,  
t h e  center-of-gravity loca t ion ,  and t h e  t o r s i o n a l  moment of i n e r t i a  were 
determined f o r  each of t h e s e  sec t ions .  

A f t e r  t h e  tunne l  

The swept-wing models were a l s o  constructed by covering a 0.065- 
inch-thick aluminum-alloy i n s e r t  of t h e  des i r ed  p l an  form with a l i g h t -  
weight f l e x i b l e  p l a s t i c  foam. However, i n  t h i s  series t h e  add i t ion  of 
t h e  foam had more of an e f f e c t  on t h e  model p r o p e r t i e s  than i n  t h e  unswept 
series. This e f f e c t  i s  seen i n  t a b l e  I ( b ) ,  where t h e  model p r o p e r t i e s  
f o r  t h e  swept series are presented, and i n  figure 3, where some rep re -  
s e n t a t i v e  model parameters a r e  p l o t t e d  aga ins t  percent thickness  f o r  t h e  
models of each s e r i e s .  A s  i s  seen i n  t h e  f i g u r e ,  t h e  unswept models 
e x k i t i t  a high degree of s i m i l a r i t y ;  i n  t h e  case of t h e  swept wings, how- 
ever ,  t h e  degree of s i m i l a r i t y  i s  not so good. There i s  good agreement 
between the swept models only i n  regard t o  frequency b u t  poor agreement 
i n  regard t o  mass and s t r u c t u r a l  damping c o e f f i c i e n t .  
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T r e  rode l i n e s  for trie secozc! arid t t i r d  n a t u a l  rcocies f o r  tr-e swept 
r o d e l s  a r e  presented i n  figure 2. E-ese riode l i n e s  xe re  d e t e r i n e d  by 
observing the locus of p o i n t s  of co v i b r a t i o n  of g ra ins  of sand Flaced 
on t h e  models while  they were o s c i l l a t i n g  i n  t h e i r  r e spec t ive  modes. 
Given i n  t a b l e  II ale tile LiolTdialized nede skzpes fzr t k  f i r s t  tkiiee 
n a t u r a l  modes of the 2-percent-thick swept Eodel. These xode shapes were 
determined by a photographic technique similar t o  t h e  one descr ibed i n  
reference 3 and are bel ieved t o  be t y p i c a l  of t h e  modes f o r  a l l  of t h e  
nodels  i n  t h i s  series. 

Test  Procedure 

--- ---- ------l ---nr,C3>,-0 - - n c  , .cnr; +'rr 5 - 1  t . p  + p c + c ,  'TT;-p d e t e r -  
LIIC DLLi-L 6 L L L L 1 " '  -Y ------- -_ _ _ _ _  _ _ _  _ _ _  

mication of a t 3 F l c a l  f l u t t e r  p l z t  proceeded ac I c , ~ ~ c w s :  W i t l -  tr-e tunnel 
evacuated 50 a 10;: stagnat ion rrZssure,  t re  cccipressor sl;eed w a s  increased 
u n t i l  t n e  des i r ed  tes t - sec t i i !>  : . k c t  =>umber ;;zs reached. W i t l :  t k e  cox- 
pres so r  speed k e l d  c a n s t s z t ,  tk -e Yest-section Mack nur-ber w a s  held nea r ly  
c o m t a n t ,  and t h e  t e s t - s e c t i o n  d e r s i t y  w a s  g r a d u a l l j  increased by bleeding 
Freon-12 i n t o  t h e  t u m e l  tLrcug?i an expansion valve u n t i l  f lut ter  was 
reached. The t e s t - sec t ion  djmmic p res su re  and Mach number were t h e n  
rapidly decreased by ac tua t ing  a " f l u t t e r  stopper" (a  s p o i l e r  i n  t h e  
d i f f u s e r  s e c t i o n  of t h e  t m n e l ) .  
a l s o  locked t h e  tunne l  instruments so t h a t  t h e  t u n n e l  condi t ions necessary 
t o  completely descr ike tLe f l u t t e r  p o i n t  could be recorded a f t e r  precau- 
t i o n s  had been taken t o  save t k e  model. Tr,e corrpressor speed was t h e n  
decreased t o  a po in t  w e l l  below t n e  f l u t t e r  condi t ion and t h e  s p o i l e r  
was r e t r a c t e d .  
amount, a f te r  -LLicn t,'r,e t e s t  -sec+lon I4act ni;3ber w a s  slowly increased 
xiti1 t k e  next f l u t t e r  condi t io= occurred. This sane type of proce+ure 
was repeated s e v e r a l  times, coI=.Fletely def ining the f l i t t e r  region witkir ,  
t h e  c p e r a t i o n a l  l i m i t s  of the  tmmel. 

The a c t u a t i o n  of t h e  f l u t t e r  s topper  

A t  t k i s  time the  tunnel  dens i ty  w a s  increased by a smll 

During each f l u t t e r  condition t h e  outputs  frorr t h e  bending and t o r -  
s ion  resis tance-wire  s t r a i n  gages mounted near t h e  model r o o t  were recorded 
on a recording osci l lograph.  
f requencies  were determined. 
corresponding s t r u c t u r a l  damping c o e f f i c i e n t s  were obtained f o r  each model 
before  and after each t u n n e l  test t o  determine whether o r  not t h e  model 
had been damaged. 

Fro= t h e s e  osci l lograph records t h e  f l u t t e r  
The f i r s t  three n a t u r a l  f requencies  and t h e  

RESULTS AND DISCUSSION 

T+E b a s i c  d a t a  obtained are presented i n  table I11 and ir ,  f i g u r e  4. 
The curves shown i n  figure 4 represent  s t a b i l i t y  boundaries i n  t e r m  of  
t h e  v a r i a t i o n  with Mack; parameter 
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tfs. a The a l t i t u d e - s t i f f n e s s  parameter depends upon t h e  phys ica l  prop- 

erties of t h e  wing; i n  p a r t i c u l a r ,  the t o r s i o n a l  s t i f f n e s s ,  and upon the  
atmosphere i n  which t h e  wing operates .  The value of t h i s  parameter 
increases  as e i t h e r  a l t i t u d e  or s t i f f n e s s  increases .  When p lo t t ed  as 
t h e  o rd ina te  aga ins t  Mach number, curves f o r  constant dynamic pressure 
w i l l  appear as r a d i a l  l i n e s  through the  o r ig in .  The s t a b l e  reg ion  i s  
above t h e  boundary. 
i s  def ined  as t h e  r a t i o  of t h e  mass of t h e  model t o  t h e  mass of t h e  volume 
of t h e  test medium contained i n  t h e  r i g h t  c i r c u l a r  cy l inder  whose height  

volume is  0.1087 cubic foo t .  
def ined i n  t h e  same manner except t he  vDlume of t h e  t e s t  medium i s  now 
tha t  which i s  contained i n  the conica l  frustrum whose height  i s  equal  t o  
the  model span and whose bases  have diameters equal  t o  t h e  model root  
and t i p  chords, respec t ive ly .  This volume i s  0.1012 cubic foot .  

For the  unswept models t he  mass-rat io  parameter p 

i s  t h e  mzdel spz7.2 ar?d ii'hzse diEi,EEter is e-,ual ts tbe msdel ckzrd. mis 
For t h e  swept series t h e  mass r a t i o  is  

L 
2 
0 
3 

Unswept Ser ies  

Experimental.- For a v a r i e t y  of configurations,  pas t  experience has 
shown tha t  a f requent ly  encountered va r i a t ion  of t he  a l t i t u d e - s t i f f n e s s  
parameter with Mach number is an almost l i n e a r  increase t o  a high value 
near M = 1 and then, after a decrease, an increase  again. Figure &(a) 
shows t h a t  t h e  unswept models exh ib i t  t h i s  type of va r i a t ion ,  bu t  t o  a 
d i r f e r e n t  degree f o r  each model. 
the  same l i n e a r  increase up t o  a Mach number of about 0.85. 
number t h e  values f o r  the  10-percent-thick wing begin t o  deviate  from 
those f o r  the  other  wings. The Mach mmbers a t  wLich t h e  values fo r  t h e  I 

8- and 6-percent-thick models begin t o  d i f f e r  from those of the 4-percent- 
t h i c k  Eodel a r e  about 0.88 and 0.91, respect ively.  
t he re  i s  a marked d i f fe rence  between the f l u t t e r  boundaries of t h e  four  
models i n  both t h e  magnitude of t he  usual high value of t h e  parameter 
near M = 1 and i n  t h e  Mach number at which t h i s  value occurs.  There 
i s  a d i f fe rence  of approximately 10 percent between both the  high value 
and t h e  corresponding Mach number when the  4- and 10-percent-thick models 
are compared. Because of t he  close s i m i l a r i t y  between phys ica l  p rope r t i e s  
( see  f i g s .  1 t o  3 and t a b l e  I) t h e  d i f fe rences  i n  f l u t t e r  boundaries must 
be p r imar i ly  caused by aerodynamic e f f e c t s  of a i r f o i l  thickness .  

A l l  of these  models exh ib i t  e s s e n t i a l l y  
A t  t h i s  Mach 

I 

A s  t h e  f igu re  shows, 

Although the re  are no es tab l i shed  a n a l y t i c a l  t reatments  of t h e  
e f f e c t s  of thickness  on t ransonic  f l u t t e r ,  it m a y  be of i n t e r e s t  t o  
examine these  experimental results i n  the l i g h t  of what i s  known of t r a n -  
sonic aerodynamics. 
t o  t ransonic  o s c i l l a t o r y  aerodynamics; however, t h e r e  is  some evidence 
( r e f s .  1 and 4) t h a t  s t a t i c  aerodynamic c h a r a c t e r i s t i c s  may have some 
a p p l i c a b i l i t y  i n  the  f l u t t e r  case, a t  l e a s t  f o r  the r e l a t i v e l y  low values 

Actually, t he re  are very f e w  da t a  p e r t a i n i n g  d i r e c t l y  

.. 
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of reddce6 freqxericy ezcomte red  i n  t n e  present inves t iga t ion .  Perhzps 
tke  mst F e r t i n e z t  feat l i re  cf t r a r son ic  a e r o d p - m i c s  i s  t h e  w e l l  es tab-  
~ ~ k e 3  t r e n d  fcr t!iinr,er wings a t  noderate t o  high aspect  r a t i o s  t o  
exhi'rit higher s lopes of t he  l i f t  curve than do t h i c k  wings and t h e  t rend  

curve thrcugri the  t ransonic  speed range (refs. 5 and 6 ) .  
c h a r a c t e r i s t i c s  are compatible with t h e  observed f l u t t e r  d a t a  shown i n  
f i e r e  4(a) .  
t ransonic  s i m i l a r i t y  l a w s  t h a t  wings having combinations of thickness  
and aspect r a t i o  i n  t h e  range of the present  i n v e s t i g a t i o n  would b e  
e q e c t e d  t o  be subject  t o  l a rge  e f f e c t s  of tizic'kness and t o  l a rge  devia- 
t i o i l s  i n  a e r o ~ m ~ m i c  c r -a rac te r i s t ics  through t h e  t ransonic  range. These 
n-azsonic s i r 5 l a r i t y  l a w s  might be used as a basis f o r  t h e  conjecture  

e f f e c t  of t?-icl;?ess cn the  f l - t t e r  c h a r a c t e r i s t i c s  as were t h e  wings of 
tze p-esent  h v e s t i g a t i o n .  

- .  

I .  Tor L I ~ I I L T ~ ~ I '  h;lig6 io e.xperie~ic;s ~:~.l lel-  SevizttGiis in S ~ O I ; Z  ~f the l i f t  
Both of t h e s e  

In  reference 6 it i s  pointed out through considerat ion of 

AI..&.. ___- E C t  h e  c?L?fD-t t5 3 s  la_?-- u- m + - - +  T,:--P nf' 7 c - 7 n -  qrnnnf - -+ in  - ~ n , . l A  
v - -  y I . y "  -A. - " A _ &  

Also  shmn i n  f i b w e  4 (a )  as a n a t t e r  of i n t e r e s t  a r e  t h e  d a t a  
obtained f o r  t?-e f l a t  p l a t e  having t h e  same dimensions as t h e  i n s e r t  used 
i n  t h e  a i r f o i l  models. The da ta  f o r  t h e  f l a t  p l a t e  do not follow the  
t rends  indicated by t h e  da ta  f o r  the  family of a i r f o i l  sec t ions .  
d i f f i c u l t  t o  assess t h e  s ignif icance of t h i s  devia t ion  of  t h e  d a t a  f o r  
t h e  f l a t  p l a t e  from t h e  d a t a  f o r  t h e  family of c i rcu lar -a rc  a i r f o i l  
models. 
fa11 a t  about t h e  values  extrapolated f o r  a thickness  r a t i o  of 1 .4  per- 
cent.  
i s  probably caused by t h e  change from a systematic v a r i a t i o n  of p r o f i l e  
t; t k e  f la t - s ided ,  sharp-edged sect ion of t h e  f l a t - p l a t e  model. 

It is  

It might be expected tha t  t h e  da ta  fo r  t h e  f la t  p l a t e  should 

Tze f a c t  t h a t  t h e  da ta  f o r  t h e  f l a t  p l a t e  do not follow t h i s  t r e n d  

Consiaeration of tunnel-wall  e f f e c t s .  - A b a s i s  f o r  applying correc-  
tis:is f o r  x lnd- twmel  interference t o  o s c i l l a t o r y  o r  f l u t t e r  data f o r  
s l o t t e d - t k o a t  wind tunnels  has  zot been es tab l i shed .  However, t h e  rela- 
t i v e l y  l a rge  in te r fe rence  e f f e c t s  folmd f o r  sol id- t l . roat  tunnels  (ref. 7) 
probably do not e x i s t  f o r  s lo t ted- throa t  tunnels .  

Since the  models d id  vary i n  th ickness ,  t h e r e  w a s  some concern 
regarding poss ib le  tunnel  blockage e f f e c t s .  Consequently, a d d i t i o n a l  
tes ts  were made on both a 4- and a 10-percent-thick unswept model approxi- 
mately one-half t h e  s i z e  of t h e  o r i g i n a l  models. 
were so  designed t h a t  t h e i r  f l u t t e r  parameters coincided with those  of t h e  
o r i g i n a l  wings. Although t h e  smaller wings behaved somewhat e r r a t i c a l l y ,  
t h e  data showed t h e  same magnitude of thickness  e f f e c t  as indica ted  i n  
f i g u r e  4(a)  f o r  t he  l a r g e r  wings and coincided, within t h e  limits of 
exTeriEental  errcr, vLth those ~f t h e  l a r g e r  wir?gs. Cccsequently, tLLrLe1 
blockage e f f e c t s  are bel ieved not t o  have contr ibuted any appreciable  
e f f ec t  on t h e  r e s u l t s  from t h e  o r ig ina l  wings. 

These smaller models 

.II . 
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Csmparisan of experimental r e s u l t s  with theory.-  F l u t t e r  calc-da- 
t i c n s  uslng t h r e e  uncoupled modes vere  r a d e  on t h e  unswept series of wings. 
me r e s u l t s  m e  presented and conpared with emer imen ta l  values i n  f i g -  
ure 5 where t h e  a l t i t u d e - s t i f f n e s s  parameter SF i s  p l o t t e d  aga ins t  

Mach number. 

Calculat ions f o r  subsonic speeds were made by using both t h e  l i n e a r  
compressible two-dimensional aerodynamic c o e f f i c i e n t s  from reference 8 
zrid t h e  t k e e - d i ~ e m i m s l  kerne l  Fac t ic r ,  zeradjmm-iic~ frsrr, rzfzrecze 9. 
C a l c d a t i o n s  using t h e  l i n e a r  t heo ry  were made f o r  a l l  four  unswept models. 
Calculat ions u s i r a  t h e  kerne l  funct ion were made f o r  only t h e  4-percent- 
t h i c k  wing. Tfie l i n e a r  thecry  predicted t h e  upward clwvatare of t h e  
f l u t t e r  boundary as Mach nlmber iccreases  . However, t h i s  theory predic ted  
zbcxt 2 15-percent kigker value of t h e  a l t i t u d e - s t i f f n e s s  parace ter  than 
was found exper%e-tally. ??lis difference nay be i n t e r p r e t e d  as tr_e 
usual  c o n s e r v a t i m  cf twc-JLiensisnal theory a t  su-bsonic speeds. Tais 
c o n s e r v a t i m  a&rees approxi2ately w i t h  t h a t  found f o r  sicilar wings by 
o ther  i n v e s t i g a t o r s .  (See ref. 10. ) The three-dimensional-theory ca l -  
cu la t ions  showed exce l len t  agreement with t h e  experimental da ta  up t o  
Mhch numbers where aerodyrmnic e f f e c t s  not included i n  t h e  theory became 
pronounced. 

The two-dimensional second-order theory of Van Dyke (ref.  11) w a s  
used i n  c a l c u l a t i o n s  f o r  s q e r s o n i c  speeds a t  cons tac t  a l t i t u d e .  These 
c a l c u l a t i o n s  ind ica ted  t h a t  t h i c k e r  models w i l l  r equi re  more s t i f f n e s s  
t o  avoid f l u t t e r .  The experimental evidence i n  t h e  t ransonic  range i s  
the  opposite;  tkat  is ,  th inner  models required more s t i f f n e s s  t o  avoid 
f i u t t e r .  EDvever, t ke  t rend  i n  the  c a l c d a t i o n s  i s  f o r  t he  thickness  
e f f e c t  t o  decrease as Mz& r m b e r  decreases toward one. Some indica t ion  
e x i s t s  f o r  a c rassa-~er  i n  tce predicte3 f l u t t e r  boundaries such t h a t  
t h i m e r  rAo3e1s would be more suscept ible  t o  f lc t te r  as shown by tLe 
experimeEt. It sho-Jld be noted t h a t  t h e  Van Djke second-order coe f f i -  
c i en t s ,  as used herein,  a r e  expanded i n  powers of a frequency parameter 
and contain only terms through t h e  cube of frequency. 

A s  a m a t t e r  of i n t e r e s t ,  f l u t t e r  ca lcu la t ions  using t h e  l i n e a r  two- 
dimensional aerodynamLc theory of reference 12 were made a t  M = 1.0. 
The r e s u l t s  of these  ca lcu la t ions  are presented i n  f i g u r e  6. Since t h e  
dynamic p r o p e r t i e s  o f  a l l  t h e  wings are about t h e  same, ca lcu la ted  f l u t t e r  
c h a r a c t e r i s t i c s  a r e  near ly  equal.  It is i n t e r e s t i n g  t o  note t h a t  an 
e x t r a p o l a t i o n  of t h e  experimental f l u t t e r  da ta  t o  zero thickness  would 
y i e l d  much bet ter  agreement with t h e  ca lcu la t ions  which a re ,  of course, 
based on t h i n - a i r f o i l  theory.  
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Swept S e r i e s  

I n i t i a l  t es t s  of t h e  swept models  ind ica te6  very imusual f l u t t e r  
c k a r a c t e r i s t i c s  i n  t n a t  near M = 1.0 f l u t t e r  accurred over a narrow 

t i o n  was f ixed  by applying narrow bands (aFproxi ra te ly  6 percent  of t h e  
l o c a l  chord i n  width) of No .  60 carborundm gra ins  1/2 inch from t h e  
leading  edge on both t h e  upper and lower sur faces ,  t h i s  abnormal f l u t t e r  
behavior w a s  e l iminated.  Consequently, a l l  of t h e  tests of t h e  swept 

i n s t a l l e d .  
6 6 was fro? about 0.2 x 10 t o  1.1 x 10 . 

----a ualu nd-.-.?- I?,-hnrc I I Iyyu.-L et v e r y  IG--J d ~ n s f t  iec: W h ~ n  boiindary-layer t r a n s i -  

wings repor ted  he re in  p e r t a i n  tu muLeis iia-vli-g &I-- b l i c b t :  -- &----:+:fin ~ ~ a i i a i ~ ~ u i ~  *+v;nc UVI I ~ U  

The range of Reynolds number, as ind ica ted  i n  t a b l e  III(b) 

"2 i LE;U  ---- c --, ' ,  (L) v ,  
C ~ m - 7 -  LAA.-.. L t h e  y ~ ~ ~ + j ~ ~  cf I1+.i_t.::?P--t,iffness Ljaranleter 

xi tL :ha& nix.ber f o r  t k e  s e y t  wizgs.  These d a t a  exh ib i t  a sharp drop 
cear b1 = 1.0. "his type of bekaviar has been observed f o r  some d e l t a  
-;ings ( r e f .  15) and appears t o  be assoc ia ted  with a change of fIxtter 
.-ode. In  addi t ion ,  the  sys t eza t i c  decrease i n  t h e  high value of t h e  
parameter as a funct ion of increasing a i r f o i l  th ickness  found i n  t h e  
da t a  f o r  t he  unswept s e r i e s  does not appear here .  The d a t a  f o r  t h e  h-, 
6-, and %percent-thick wings a r e  i n  f a i r  agreement, with each curve 
Paving a naximm value considerably less than  t h a t  of t h e  2-percent- 
t h i c k  wing. Although these  wings have v a r i a t i o n s  i n  some of t h e i r  prop- 
ert ies,  tLe rrass-ratio parameter appears t o  have el iminated,  t o  a great 
iiegree, the mass e f f e c t s  on t h e  f l u t t e r  boundaries as ind ica t ed  by t'ne 
zgreenent f o r  a l l  t ne  models a t  Mach numbers below 0 . 9 .  
seerLs reasonable s ince  f o r  high values of  p ,  a5 i n  t h i s  case, t h e r e  i s  
m approxiKate l i n e a r  v a r i a t i o n  between model mass and t h e  dens i ty  requi red  
t o  prociuce f l u t t e r  a t  a pa r t i cu lz r  Mach nmber .  
x s x e p t  wlngs, t h e  boilndary f o r  8 t y p i c a l  aluroin1;m-alloy i n s e r t  i s  a l s o  
included i n  t h e  f igure .  A-s i s  seen from t h e  f i g u r e ,  t he  agreement of 
t k e  da t a  f o r  t h e  f l a t  p l a t e  v i t h  the da t a  for t h e  a i r f o i l  i s  poor a t  Mach 
l i rLbe r s  belc-d M = 1.00. Fron? t h e  two-dinensional uns teady-a i r fo i l  d a t a  
presented i n  reference 1 a nore systematic e f f e c t  of a i r f o i l  th ickness  
would be expected than i s  indicated i n  f i g u r e  4(b), although t h e  genera l  
t r e n d  seems t o  be cons is ten t .  Model d i s s i m i l a r i t i e s  and perhaps three- 
dimensional e f f e c t s  could be t h e  cause, bu t  no conclusion as t o  t h e  la t ter  
can be drawn from t h e  r e s u l t s  of these  tests. 

This deduction 

A s  i n  t h e  case of t h e  

CONCLUDING REY4YRKS 

nn iiie trarisoilic f l i i t t e r  characteristics ,cf both a w e p t  series and a n  
unswept s e r i e s  of wings varying i n  a i r f o i l  th ickness  but  having s i m i l a r  
r ~ s s  and s t i f f n e s s  proper t ies  have been experirr,entally de temined .  The 
tes t s  ind ica t e  t h a t  f o r  t h e  range o f  va r i ab le s  covered, t h e r e  i s  an  
appreciable  aerodynamic e f f e c t  of a i r f o i l  th ickness  f o r  bo th  swept and 
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unswept wings. I n  general ,  an  increase i n  th i ckness  has  a s t a b i l i z i n g  " 

e f f e c t  i n  t h a t  higher  d e n s i t y  i s  requi red  t o  produce f l u t t e r  a t  a given 
Mach number. 
tifi examination of t h e  s teady-state  aerodynamic c h a r a c t e r i s t i c s  of  a i r -  
f o i l s  o f  d i f f e r e n t  thicknesses .  

This r e s u l t  i s  cons i s t en t  with what would be expected from 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley F ie ld ,  Va., Apr i l  15, 1959. 
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2.662 x 10-3 
2.011 
1.769 
1.5M 
1.351 
1.293 
1.318 
1.498 
1.592 
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1M.6 
174.6 
168.0 
157.0 
148.6 
145.8 
162.7 
184.3 
214. 9 

175.4 
162.4 
152.1 
151-0 
151.8 
169.3 

175.4 
170.8 

181.5 
182.3 

TA€iIE 111.- BASIC TEST DLmA 

(a) Unswe2 t  series 

----?-- 
kf 
- 
1.125 
.112 
.lo3 
.OW 
.074 
.070 
.046 
.052 
.or8 
.063 

sfi a 

1.16 
1.43 
1.42 
1.Y 
1.63 
1.67 
1.63 
1.54 

1.48 
1.49 

M 

D .714 
-804 
-846 
. e68 
-916 
.926 
. s o  
.965 

1.008 
1.064 

3.750 
.m1 
. a56 
. aeo 
. W k  
- 930 
.%7 

1.030 
1.066 
1.102 
1.104 

Of 

240.0 
241.9 
233.7 
2 3 . 2  
181.6 
172.8 

168.5 
202.9 
169.6 

----- 

R 

1.380 x lo6 
1.175 
1.0% 

f 993 - 893 
* 865 
.917 

1.047 
1-16?, 
1.258 

Model 

Flat  -plate 

v 

9 - 8 1  
52.85 
51-98 
57.76 
67.73 
71.06 
69.06 

55.80 

60.84 
57.30 

rc\ 
0 
CJ 
I 

4 4-percent - 
t h i ck  

2.375 x 
2.030 
1.664 
1.465 
1.406 
1.329 
1.361 
1.310 
1.197 
1.U 
1.069 

1.304 x lo6 
1.179 
1.031 

.935 - 915 - 891 - 952 - 974 - 923 

.883 

.851 

209.2 
204.8 
184.1 
175.3 
165.2 
147.7 
149.5 
157.1 
154.6 

138.2 
143.8 

I. 102 - 093 
.080 
.074 
.069 
.059 
.058 
-057 
.054 
-049 
.047 

L4.36 
52 - 27 
64.00 
72.76 
75.17 
80.10 
78 - 32 
81.36 
88.92 
95.84 
98.60 

1.25 
1-56 
1.51 
1.60 
1.65 
1.70 
1.67 

1.78 
1.87 
1.89 

1.72 

6-percent- 
th ick  

Q - 715 
.718 - 795 
-814 
-836 
.851 
-905 
.w7 
.913 
.923 
.927 
.956 

1.017 

2.971 x 
2.988 
2.191 
2.184 
1.851 
1.859 
1.580 
1.623 
1.4ko 
1.458 
1.418 
1.738 
1.848 

10 -5 201.1 
202.9 
181.6 
188.7 
172.6 

221.8 
224.9 
197.3 
198.5 
191.6 

156.3 
150.8 
3-77 * 2 

184.7 
152. 2 

154.6 
188.5 
211.7 

3.~1.6 
-117 
.093 
.092 
.085 . 081 
.064 
-065 
.061 
.071 
-062 
.073 
.078 

3.075 
-070 
* 095 

.062 
* 075 
.059 
* 066 

- 

.09l 

1.14 
1.14 
1-33 
1.34 

1.44 
1.55 
1.53 
1.62 
1.60 
1-64 
1.48 
1.46 

1.1.1 

l.5L2 x 106 
1 - 556 
1.262 

1.119 
1.285 

1.144 
1.055 
1.065 
-951 
.967 - 951 

-643 
1.204 

1.538 x lo6 
1.313 
1.154 
1.141 
1.. 192 
1.388 
1.721 
1.798 

36.72 
36.60 
49.56 
49.87 
58.98 
58.37 
68.06 
60.59 
74 .6; 
7h. 30 
76 - 56 
61.78 
59.29 

38.44 
53.73 
63.84 
63.20 
65.12 
57 - 61 
47.33 
46.51 

l j E . 1  
161.6 
169.1 
163.2 
209.4 
249.5 

8-percent - 
t h i ck  

0.745 
.848 
.886 
.913 
* 932 
.954 - 975 

1.008 

2.857 x lo-’ 1161.6 
2.158 178.1 

150.8 
158.3 
221.8 
224.9 
155.2 
191.6 
154.6 
177.2 

1.22 
1.45 
1-59 
1.58 
1-60 
1-50 
1.36 
1.35 

1.867 
1.n1 
1.768 
2.009 
2.431 
2.460 

262.9 
201.1 
171.6 
172.6 
163.2 

206.5 
185.0 
174. i 
175 - 7 
190 - 3 
234.9 
298.4 

10-percent. 
t h i ck  

1.486 x lo6 
1.241 
i.097 
1.086 
1.131 
i . j k 2  
1.675 

213.6 
186.0 
i78.4 
166.5 
----- 
194. a 
201.7 

0.107 
.085 - 077 
.070 ----- 
e 076 
.077 

1.21 
1.38 
1.52 
1.54 
1-53 
1.44 
1-51 

2.782 x lo3 
2.ll9 
1 - 751 
1.701 
1.70b 
1.947 
2.361 

41.47 
53.58 
64.96 
66.59 
65.77 
58.22 
48.30 

0.741 
.808 . e64 
.881 
* 915 
* 951- 
-976 



16 

TABLE 111.- BASIC TEST DATA - Concluded 

( b )  Swept series 
__ 

R 9 Uf  

__ 
505.2 
360.9 

313. - 
313.7 

_ _ _ _ _  

292.9 
272.9 

251.2 
251.2 
230.3 
220.3 
230.3 
220.3 
238.5 

292.9 
251.2 
282.4 
272.0 

333.1 
_ _ _ _ _  

kf Model 

F l a t - p l a t e  

~~ 

?-percent - 
tfi-ck 

109.5 
128.2 
'1' i 
121.2 
115.7 
90.9 

I I., 

aL.2 

74.3 
06.3 
58 .1  
53.0 
61.0 
54.3 
7 1 . 5  

124.5 
82.5 
111.3 

97.9 
1*2. I, 
151,. 7 

I. 174 
.112 

23.91 
25.60 
30.25 
31.2L 
55. P~B 
41.89 
51.70 

b0.84 
68. 7 2  
&.d4 
96.24 
80.68 
00.00 
76.91 

43.96 
65.25 
49.00 
5u.10 
L0.45 
'tJ. 72 

1.15 
1.17 
1.2( 
1.30 
1.38 
1.y> 
1.t>8 

1.82 
1.92 
2.13 
2.27 
2.10 
2.32 
2.03 

1.34 
1.89 
1.63 
1.75 
1.49 
1.12 

.091 

.087 

.079 

.073 

.a60 

.065 

.0:8 

.05; 

.OS0 

.0>3 

.a57 

.070 

. O b 1  

.008 

.00: 

0 
Y 

.079 

0. ' (41 
.&-, 
.fXl . Y> L 
. <J97 

I. 00:' 
1.058 
1.041 
L.05;' 
1.104 

105. Y 
102.1 

89.u 
72.4 
57.1 
53.3 
m.7 
100.0 
135.1 
173.4 

0. j12 x 10:. 
.472 
.389 
.29c 
.h10 
.413 
.304 
.401 
.499 
.6r5 

J4F.3 

294.2 
~ 7 . 0  
222.3 
224.7 
257.0 
280.4 
330.6 
3>3.2 

514.1; 
0.121 

.0yt 

.0&4 

.Ob9 

.057 
,077 
.Ob4 
,070 
.Oh1 
.083 

26.2 
37.70 
48.44 
67.90 
05.06 
15.56 
71.57 
54.91 
44.3tJ 
30 .97 

1.11 
1.28 
1.45 
1.71 
2. I1 
2.10 
1.76  
1.53 
1.39 
1.28 

1.14 
1.2> 
1.31 
1.53 
1 . 7 3  
1.30 
1. '14 
1.77 
1.37 
1.04 
1.24 
1.1P 
1.U 

_____ 

4-percent-  
t h i c k  

~ ~~ 

b-percent-  
t h i c k  

;!.oy x 10-3 
, .b89 
1.381 
l.ll'( 

1.531 
.a723 

.@yo 

.852-( 
L.0!,0 
1.2!~9 
1.719 
1.907 
? . 1 l Y  

145.4 
142.9 
133.9 
11e.P 
99. I 

18b.0 
101,. 8 
102.7 
150.3 
157.4 
213.1 
243. u 
2 W . 3  

0.759 x lo6 
.687 
.604 
.512 
.413 
.744 
.417 
.410 
.523 
.626 
. @J+7 
."1 

1.03b 

3h4.0 
322.2 
302.0 
275.3 
251.1 
314.1 
251.1 
251.1 
267.2 
295.5 
365.8 
377.9 
417.4 

0.118 
.lo2 
. 089 
.a78 

.OH3 

.066 

.068 

.066 

.070 

.077 

.09b 

.097 

.lo!+ 

29.59 
35.70 
59.31 
53.58 
69.00 
38.81 
70.39 
72.59 
30.70 
24.90 
3r .K 
~ 1 . 1 1 7  
28.47 

43.16 
53.4.i 
67. I3 
'14 .09 
93.12 
93.51 
47.61 
57.30 
70.93 
27.04 
38.07 

~ 

0. e54 
.904 
.937 
.970 
.977 
.985 
.9!7 
.990 
.990 
1.01 
1.025 

1.408 x 10-3 
1.13:' 

.095@ 

. U'+ ;c 

.uc:'!0 

.1,500 
1.210 
1.00.- 

2.220 
1. >9L 

.85X 

130.4 
118.4 
100.4 

78.3 
83.4 
82. r, 

157.0 
133.3 
108.3 
2&.- 
209.0 

0.597 x lo6 
. 509 
.417 
.313 
.318 
.321 
.62t 
.523 
, -22 
1.115 . e10 

288.9 
261.1 
241.8 
427.3 
219.0 
226.6 
277.5 
2d3.8 
238.7 
396.1 
349.7 

0.087 
.07L 
. D U O  

.113 

.057 

.0L9 

.073 

.069 
,002 
.lo1 
.089 

1.29 
1.4' 

1.89 
1.88 
1.87 
1.36 
1.48 
1.04 
1.03 
1.22 

1.05 
1.19 
1.31 
1.3; 
:.4> 
1.52 
1.69 
L . .?4 
I. i 7  
i . ' l  
l . V +  
1.50 

1.61 

8-Lercerrt- 
t r - ick 

0.711, 
.77'. 
.&7 
.&l; 
.89., . '0. 
.93> 
.950 
.9& 

1.001 
1.008 
1.011 

180.4 
lL5.  2 
lt23.L 
157.0 
147.:. 
158.3 
120.3 
118.5 
137.2 
172.2 
190.1 
238.2 

297.9 
317.7 
270.6 
206.8 

2 W . L  
232.0 
221.2 

249.3 
23l.t 
270.', 

---__ 

_ _ _ _ _  

0.106 
.lo4 
.081 
.079 

29.48 
38.07 
40.10 
i,.% 

57.m 
00. F"L 

70.3" 
81.00 
U5.4' 
00.84 
55.50 
4 .L5 

.0~6 
,063 
.059 

.os3 

.cu1 

.Ob8 

_ _ _ _ _  
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Percenl thickness 

(a) unswept series. 

Percent tkkness 

(b) Swept series. 

Figure 3. - Selected mdel properties. 
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(b) Swept series. 

Figure 4.- Concluded. 

21 



22 
. 0..  0 .  .. 0 . .  . .... . 0 . .  e. e.. . . . 0 .  0 .  . . ... .. ... 0 .  

1 

i 
I 
c - c c  c c c c  
0) a, a , a I  

aI a, a,a, 
y 2 2 Y  
a a a a  

I I [  
1 ' 1  

I i i  

I 

T 
I 

h u 



2.4 

2 .o 

I .6 

.a 

i Li 

Percent thickness 

Figure 6.- Comparison of experimental values with theoretical values of' 
altitude-stiffness parameter for the unswept wings at a Mach number 
of 1.0. 


